UL are hormone-driven tumors that occur in 70-80% of all women by age 50 7 . Although the majority of UL are asymptomatic, about 25% of women with UL are symptomatic, and may experience excessive bleeding, abdominal pain, and infertility 2 . Currently, the only essentially curative treatment is uterine extirpation via total hysterectomy. Known risk factors for UL include increasing age up to menopause, ethnicity (particularly African ancestry), family history of UL, and increased body mass index (BMI) 3 . Studies on familial aggregation and twins, as well as racial differences in prevalence and morbidity, suggest heritable factors influence the risk for developing UL UL phenotype in each cohort was analyzed in a generalized linear regression model assuming additive genetic effects with multivariate adjustment for age and BMI, and correction for population structure. After quality control metrics were applied, including exclusion of noninformative (MAF < 0.01) and poorly imputed (r 2 < 0.4) SNPs, we performed a fixed-effects, inverse-variance weighted meta-analysis. Altogether 8,292,290 biallelic SNPs were analyzed and adjustments for genomic inflation were performed ( Supplementary Fig. 1a , Supplementary Table 2 ). We identify a total of 1,167 SNPs across 24 loci with genome-wide significance (P < 5
Health Study (WGHS), Northern Finnish Birth Cohort (NFBC), QIMR Berghofer Medical
Research Institute (QIMR), and The UK Biobank (Supplementary Notes, Supplementary Table   1 ). Ancestry in each cohort was verified by principal component analysis (PCA) of genotype data.
UL phenotype in each cohort was analyzed in a generalized linear regression model assuming additive genetic effects with multivariate adjustment for age and BMI, and correction for population structure. After quality control metrics were applied, including exclusion of noninformative (MAF < 0.01) and poorly imputed (r 2 < 0.4) SNPs, we performed a fixed-effects, inverse-variance weighted meta-analysis. Altogether 8,292,290 biallelic SNPs were analyzed and adjustments for genomic inflation were performed ( Supplementary Fig. 1a , Supplementary Table 2) . We identify a total of 1,167 SNPs across 24 loci with genome-wide significance (P < 5
x 10 -8 ) (Supplementary Table 3 ). The Manhattan plot is shown in Fig. 1 .
Replication of the peak SNPs was pursued in an independent direct-to-consumer cohort obtained Tables 1 and 2 ). We replicate associations at 17 of the 24 (71%) loci identified in our discovery-phase meta-analysis (significance threshold; P < 2.08 x 10 -3 ) (Table 1) . Among independently replicated loci are all three loci previously reported to be associated with UL in Japanese women:
10q24.33 (rs9419958, odds ratio (OR) = 1.09, P = 1.20 x 10 -9 ), 11p15.5 (rs547025, OR = 1.15, P = 4.77 x 10 -13 ), and 22q13.1 (rs12484776, OR = 1.09, P = 4.08 x 10 -12 ) 4 .
Interestingly, significant association signals are also observed at several loci previously associated with endometriosis: 1p36.12 (rs223552, OR = 1.14, P = 7.39 x 10 -21 ), 2p25.1 (rs10929757, OR = Fig. 2a ). When all 335 UL were taken into account, expression was increased as much as 2.32-fold (P = 1.52 x 10 -9 ) in UL compared to myometrial samples ( Supplementary Fig. 2b ). A total of 109 patient samples were genotyped for rs6563799 and rs7986407 -two of the peak SNPs residing in the FOXO1 locus. Stratification of samples by genotype reveals a statistically significant increase in FOXO1 levels of UL harboring the risk allele for rs6563799 (allelic dosage, P = 0.047; homozygosity for risk allele, P = 0.035) ( Supplementary   Fig. 3a ). An increase in FOXO1 levels of UL with the rs7986407 risk allele is also observed;
however, the change is not statistically significant (Supplementary Fig. 3b ). Our results are consistent with a previous study reporting elevated FOXO1 expression in UL compared to matched myometrium 44 , especially levels of phosphorylated (p) FOXO1 (pSer 256 ). Normally, p-FOXO1 interacts with 14-3-3γ protein in the nucleus, resulting in translocation of FOXO1 to the cytoplasm and its transcriptional inactivation. Interestingly, Kovacs et al. showed p-FOXO1 to be predominantly present in the nucleus in UL, but sequestered in the cytoplasm of myometrium 44 .
The concomitant increase of p-FOXO1 and reduced expression of 14-3-3γ in UL has been suggested to lead to impaired nuclear/cytoplasmic shuttling of p-FOXO1, which promotes cell survival [44] [45] [46] .
Next, we conducted a meta-analysis on a total of 8,602,260 SNPs across all cohorts, including a total of 35,474 UL cases and 267,505 controls ( Supplementary Fig. 1c , Supplementary Table   2 ). Through linkage disequilibrium score (LDSC) regression analysis, an estimated 89.5% of the genomic inflation factor (λGC) of 1.12 was attributable to polygenic heritability (intercept = 1.02,
s.e. = 0.0081). We observe genome-wide significant associations (P < 5 x 10 -8 ) at 2,045 SNPs across 27 independent loci ( Supplementary Fig. 4 , Supplementary Table 4 ). The Manhattan plot is shown in Fig. 2 . In addition to 21 loci identified at the discovery stage, we observe six novel loci significantly associated with UL (Table 2) . Among the novel, 'discovery' loci are three genes of interest: HMGA1, BABAM2, and WNT2. HMGA1 is a member of the high mobility group proteins and is involved in regulation of gene transcription 47 . Somatic rearrangements of HMGA1 at 6p21 have been recurrently documented in UL, albeit at a much lower frequency than those of HMGA2 -another member of the protein family [48] [49] [50] . BABAM2 encodes a death receptorassociating intracellular protein that promotes tumor growth by suppressing apoptosis 51 .
Associations at the locus containing WNT2 together with associations observed at the WNT4 locus reinforce a possible role for Wnt signaling in UL. Overall, individual SNP-based heritability (h 2 ) was estimated to be relatively low, 0.0281 (s.e. = 0.0029) on the liability scale. Fig. 5 ).
To identify SNPs with likely regulatory function, we selected up to 30 of the most significant SNPs from each of the 27 loci identified in the meta-analysis of GWAS across all cohorts. Altogether 429 of 597 SNPs (72%) were present in the RegulomeDB 53 , and 23 of these have a score < 3, indicating potential involvement in gene regulation (Supplementary Table 7 ). Based on the RegulomeDB, two SNPs (rs498217 at 11p15.5 and rs1641528 at 17p13.1) are indicated as potential expression quantitative trait loci (eQTLs) in monocytes for SCGB1C1 and CD68, respectively 54 .
In summary, our GWA analyses uncovered 27 novel genomic loci associated with UL in women of white European ancestry. Many of the candidates fall into two categories: (1) genomic regions containing characterized tumor suppressors and oncogenes, and (2) genes involved in hormone signaling pathways previously associated with endometriosis. Biological overlap between two highly common gynecologic diseases, due to similarities in molecular mechanisms and progenitor cells, has long been suspected. Further characterization of the mutual pathogenic mechanisms has the capacity to direct not only a deeper understanding of the underlying biology, but also treatments for two diseases that cause significant morbidity in roughly one-third of the world's population.
Online Methods

Subjects
Four population-based cohorts (WGHS, NFBC, QIMR, and UK Biobank) and one direct-toconsumer cohort (23andMe) from the FibroGENE consortium were included in the study 
Quality control and imputation
Each cohort conducted quality control measures and imputation for their data. For WGHS, NFBC, QIMR, and 23andMe, all cases and controls with a genotyping call rate < 0.98 were excluded from the study. Imputation was performed on both autosomal and sex chromosomes using the reference panel from the 1000 Genomes Project European dataset (1000G EUR) Phase 3. Imputation was carried out using ShapeIt2 and IMPUTE2 softwares 55, 56 . SNPs with call rates of < 99%, and SNPs showing deviation from Hardy-Weinberg equilibrium (P ≤ 1 x 10 -6 ) were excluded from further analyses. Population-stratification for the data was examined with principal component analysis (PCA) using EIGENSTRAT 57 . The four HapMap populations were used as reference groups:
Europeans (CEU), Africans (YRI), Japanese (JPT), and Chinese (CHB). All observed outliers were removed from the study. The UK Biobank data QC and imputation was handled by a dedicated team headed by the Wellcome Centre for Human Genetics, prior to public release of the data. Genotype data used in the present analyses were imputed up to the Haplotype Reference Consortium (HRC) panel. We applied additional quality control filters to exclude poorly imputed SNPs (r 2 < 0.4) and SNPs with a MAF of < 1%.
Association analyses
Using additive encoding of genotypes and adjusting for age, BMI, and the first five principal components from EIGENSTRAT, WGHS, NFBC, QIMR, and 23andMe cohorts in both the discovery and replication stage performed logistic regression analysis and provided summary statistics, including beta coefficients,  2 values, and standard errors, for the genotyped and imputed SNPs. The UK Biobank association analyses were conducted using a linear mixed model (BOLT-LMM v.2.3.2) 58 adjusting for the two array types used, age and BMI (fixed effects) and a random effect adjusting for relatedness between women. Effect size estimates (β and SE) from the linear mixed-model were converted to log-odds scale prior to meta-analysis. Two fixed-effects, inverse variance weighted meta-analyses on summary statistics were conducted using METAL 59 , one in the discovery stage and the other across all cohorts. For discovery-phase meta-analysis, 8, 292, 290 biallelic SNPs for which data were available in at least two of the four cohorts were analyzed. A total of 8,602,260 SNPs were available from at least two of the five cohorts for the meta-analysis across all cohorts. Quantile-quantile plots of the results from meta-analysis of population-based cohorts and across all GWAS cohorts are shown in Supplementary Fig. 1 . Details on the overall genomic inflation factor and number of analyzed SNPs for each cohort are provided in These UL were genotyped for two SNPs with genome-wide significance at the 13q14.11 locus:
Supplementary
rs6563799 and rs7986407. For each SNP, the average FOXO1 stain-to-counterstain ratio was compared across increasing dosage of the risk allele using a one-way analysis of variance test (two-tailed). We also performed an unpaired t-test to compare mean expression of UL homozygous for the risk variant against the other genotypes (Welch's t-test, two-tailed). P-values < 0.05 were considered statistically significant.
Linkage disequilibrium score regression (LDSC)
Analysis of residual inflation in test statistics was conducted using univariate LDSC regression. represent the percentage of inflation attributed to polygenic heritability. Univariate LDSC regression was conducted using the LDSC software (https://github.com/bulik/ldsc.git).
Adjustment of heritability (h 2 ) calculations to the liability scale were performed by accounting for the prevalence of UL in the sample (~0.132) compared to the general population (~0.300).
Gene-set and tissue enrichment analyses
Summary statistics from the set of 5,185 SNPs with suggestive (P < 1 x 10 -5 ) or significant associations (P < 5 x 10 -8
) were analyzed for gene-set and tissue enrichment using the Data-driven Expression-Prioritized Integration for Complex Traits (DEPICT) software 52 . Using the 1000G EUR panel as a reference for LD calculations and the 'clumping' algorithm in PLINK 60 , we identified 162 independent loci at the suggestive threshold for DEPICT analyses (Supplementary Meta-analysis of GWAS across 302,979 women of white European ancestry across all cohorts identifies 27 independent loci associated with UL. Red and blue horizontal lines indicate genomewide significant (P < 5 x 10 -8 ) and suggestive (P < 1 x 10 -5 ) thresholds. PDisc, P-value in discovery-phase meta-analysis; P23andMe, P-value in 23andMe cohort; OR, odds ratio; CI, confidence interval Threshold for significance in replication set was P < 2.08 x 10 -3 . a ≤ 300 kb distant from association signal b Loci previously associated with endometriosis [15] [16] [17] [18] c Loci previously associated with UL
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